Introduction
============

Influenza is among the most common diseases in the world. The disease and mortality of seasonal outbreaks and the deadliness of the rarer pandemic outbreaks have made influenza a prime target of virology. Its facile adaptation to a range of different hosts and its rapid evolution under antigenic pressure originate from two cooperating glycoproteins, the receptor-binding hemagglutinin (HA) and the receptor-cleaving enzyme neuraminidase (NA), and from the rapid mutations that occur in the genetic material that encodes for these proteins.[@cit1],[@cit2] HA and NA make up the characteristic 'spikes', and are jointly responsible for the surface interactions of the virus with a host cell and for its passage through the mucus layer that protects the host cell.[@cit1],[@cit2] These interactions are far more complex than an ordinary receptor--ligand equilibrium and are only partially understood.

It is widely accepted that the receptor-binding function of HA and the receptor cleaving function of NA must be balanced for successful infection.[@cit3]--[@cit5] This functional balance between HA and NA is reflected in the evolution of HA and NA.[@cit6]--[@cit10] It has therefore been suggested that all changes in activity of HA or NA must be followed by an adjustment of the activity of the other to maintain a functional balance.[@cit6],[@cit7],[@cit11],[@cit12] *In vivo* studies have shown that lower NA activity leads to less efficient virus replication, but stronger binding by HA can have the same effect.[@cit13] It is believed that the role of NA in this balance is to prevent aggregation of the virus and entrapment of progeny viruses on the surface of host cells.[@cit1],[@cit3],[@cit14]

Recently, several groups have described a new function of NA in imparting motility of the virus on a surface.[@cit15]--[@cit18] Sakai *et al.* were the first to report that the motion of influenza over a surface is NA-dependent.[@cit1] They also showed that this motility increased cellular uptake of the virus. De Haan *et al.* found that the receptor-cleaving activity of a few adsorbed viruses is enough to prevent adsorption of new viruses and proposed that the viruses roll over the surface while cleaving off the receptors across the path they follow.[@cit2] Vahey and Fletcher found that the organization of HA and NA on filamentous viruses imparts directionality to their motion, and these viruses crawl rather than roll.[@cit18] These new observations call for a model that can account for this motility and has predictive power.

Surface-confined motility is not new, neither in biological nor in synthetic systems. In biology, the most famous examples are the kinesin and myosin V motor enzymes, which transport cargo unidirectionally along microtubules and actin filaments.[@cit19]--[@cit21] Vogel *et al.* showed that kinesin immobilized on a surface could impart motility onto microtubules in a synthetic environment as well.[@cit22] Synthetic systems which aim to achieve motion over a surface or track are called 'molecular walkers'.[@cit23] In the simplest form a molecular walker is a biped with feet that can bind to and release from a surface sequentially, and it will act like a molecular walker for as long as at least one foot remains attached to the surface.[@cit24] Its movement depends on Brownian motion and will therefore be diffusive and non-directional, unless it can move over a gradient or is inhibited in one direction by ratcheting.[@cit25],[@cit26]

Mimicking directional motion as shown by kinesin and myosin V requires the walker to overcome Brownian motion and requires energy input.[@cit27] The natural motor enzymes use ATP as fuel, whereas synthetic systems have a wider array of possible energy sources.[@cit28],[@cit29] The first molecular walker used DNA strands as fuel, quickly followed by an example that used ATP as fuel.[@cit23],[@cit30] Instead of using the consumption of a chemical fuel to impose a strict directionality in each individual step, overall directionality can be attained when the direction of the steps is biased, for example using an enzyme with a chiral preference to cleave the back leg.[@cit31] For a comprehensive review of different walker designs, energy sources and mechanisms, see: Leigh *et al.*[@cit29]

Stojanovic *et al.* introduced a class of molecular walkers, called 'molecular spiders', that use their receptors as fuel.[@cit32] A molecular spider consists of a body with multiple catalytically active legs that cleave the receptors to which they bind. The cleaving of its receptors is the energy source for biased motion away from their starting position, leading to self-avoiding walking. Its essential design is simple enough to allow systematic study, both experimentally and *in silico*, while their receptor-cleaving dependent motion may be comparable to that of influenza, as will be explored below.

In this review we aim to show that the combined roles of HA and NA in the surface-bound motility of influenza can be understood by looking at receptor-cleaving molecular walkers. We first explain the mechanism of surface-bound motion in receptor-cleaving molecular walkers. Then we describe how this mechanism leads to faster-than-diffusive and self-avoiding motion and how these properties are influenced by the design of the walker. The roles of the HA and NA proteins are discussed, as well as their presentation on the surface of influenza. We comprehensively review the proposed mechanisms that have been published about influenza movement on cell surfaces. We argue that both the "rolling" and the "Brownian ratchet" mechanism requires collaborative interactions of HA and NA that make influenza a molecular walker and propose that both models can explain how influenza can efficiently cross the mucus layer. We then discuss how properties of molecular spiders may be favorable for influenza in avoiding clearance by the mucus and in finding a suitable site for host cell infection. After that, we discuss the similarities and differences in the motility of molecular spiders and influenza. Finally, we indicate research directions for molecular walkers that have high relevance for understanding influenza. We will not discuss the role of HA and NA inside the cell, as their role in the complete cycle of infection has been described elsewhere.[@cit33],[@cit34]

Molecular spiders and superdiffusive walking
============================================

Molecular spiders interact with a surface through their legs. All legs are identical and cleave the sites to which they bind.[@cit32],[@cit35],[@cit36] Experimental setups of molecular spiders generally use DNA on the surface and DNAzymes as legs.[@cit32],[@cit35],[@cit37],[@cit38] The DNA on the surface is cleaved by the DNAzyme, resulting in a shorter DNA strand ([Fig. 1a](#fig1){ref-type="fig"}). The DNAzymes are still able to bind to these shorter strands but have a diminished affinity and residence time.

![Mechanism for directional motility in molecular spiders.[@cit36],[@cit39] (a) A molecular spider consists of a rigid body with several legs. The legs bind to receptors on a surface, cleaving them as they go. The legs can bind to a cleaved receptor, but have a lower residence time. (b) The difference in residence time can lead to a bias in movement. At *t*~0~, the spider is attached at the boundary between fresh and cleaved receptors with one leg. At *t*~1~, the legs are more likely to be bound to fresh than to cleaved receptors due to the difference in residence times. At *t*~2~, the first leg detaches and leaves a cleaved receptor behind, shifting the boundary. (c) The spider is either at the boundary and moving with a bias towards fresh receptors, or the spider is in a patch of cleaved receptors where all legs have low residence time and diffusion is fast.](c9sc05149j-f1){#fig1}

When a molecular spider is on the boundary between uncleaved substrates and cleaved products, it experiences a gradient in affinity and residence times, leading to a directional bias towards the uncleaved substrates. The cleaving of receptors acts as a fuel to continually create the gradient. With each step of the spider, the boundary shifts one step as well ([Fig. 1b](#fig1){ref-type="fig"}). For as long as the spider remains at this self-propelling boundary, it moves away from the starting position faster than it would by normal diffusion. This mode of motion is called superdiffusivity.[@cit36] The directionality is temporarily lost if the spider moves a step away from the boundary ([Fig. 1c](#fig1){ref-type="fig"}). The overall bias depends therefore primarily on the chance that the spider remains at the moving boundary.

The superdiffusive motion of a molecular spider is weakly self-avoiding; it is possible for the spider to revisit a site, but it will spend most of its time visiting new sites. Some molecular spiders cannot revisit former sites at all and are therefore strictly self-avoiding; these are also called 'burnt-bridges' walkers.[@cit29] When a spider leaves the boundary between cleaved and uncleaved receptors or reaches a previously visited area, it undergoes non-directional diffusive motion over the surface. The low residence time of the legs on cleaved receptors results in fast diffusion of the spider. The spider thus spends only limited time in this diffusive state and quickly returns to a boundary where it again undergoes biased motion away from the cleaved receptors. This weakly self-avoiding walk is a more efficient way of probing an area than diffusion.[@cit36],[@cit40]

The superdiffusivity of a molecular spider is determined by how well it recognizes the gradient at the boundary between cleaved and uncleaved receptors. The state of a spider on this boundary is defined by the length of its legs *L* and the number of legs *n* ([Fig. 2a](#fig2){ref-type="fig"}). The superdiffusive behavior of a spider emerges from its multivalent character, because one-legged spiders cannot recognize a gradient.[@cit41] Whether additional legs increase superdiffusivity depends on the length of the legs. The superdiffusive behavior of molecular spiders with short legs benefits from a high number of legs,[@cit40] whereas a high number of legs decreases the superdiffusivity of molecular spiders with long and flexible legs.[@cit42]

![Main design parameters in molecular spiders. (a) The number of legs (*n*) of a spider and the length of each leg (*L*) define the boundary state of the spider. (b) Molecular spiders can walk using an inchworm (I) or hand-over-hand (II) motif. (c) The kinetics of interaction between the substrate and an individual leg.](c9sc05149j-f2){#fig2}

The maximum size of a step is determined by the length of the legs of a molecular spider and by its gait. Molecular spiders tend to move faster if they use a hand-over-hand or rolling motion than if they use inchworm motion.[@cit38] It is faster because a hand-over-hand gait limits the step size to how far the spider can stretch, whereas the inchworm gait limits the step size to the farthest point that is already attached ([Fig. 2b](#fig2){ref-type="fig"}).

The rate of each step is determined by the kinetics of the catalytically active legs and by the dissociation rate of a leg from a cleaved receptor ([Fig. 2c](#fig2){ref-type="fig"}). Stronger binding of a leg towards an uncleaved receptor means a lower Michaelis--Menten constant and can therefore increase the speed of walking. Less intuitive is that stronger binding to both the uncleaved and the cleaved receptors can increase the superdiffusivity of a spider, not only compensating the slower release of its legs but even increasing its velocity.[@cit35],[@cit38],[@cit43]

To maintain a molecular walk over longer distances, a functional balance is needed between the cleaving activity and the binding activity of a molecular spider. A higher cleaving activity leads to faster motion, but if its cleaving activity exceeds its binding activity the spider dissociates.[@cit32],[@cit42]

For the exploration of larger surfaces, dissociation of a molecular spider can even be favorable. If a spider finds itself in an area that was visited before, the low residence time of legs on cleaved receptors increases the probability that all legs are unbound at the same time, releasing the spider from the surface.[@cit36],[@cit38] After dissociation, the spider can diffuse through the solution for some distance and associate again with a higher association constant for unvisited areas. This type of motion could be regarded as a "self-avoiding hop", so that molecular spiders are weakly self-avoiding over multiple length scales.

Motility of influenza virus
===========================

Of the two glycoproteins on the surface of influenza virus that are involved in host cell binding, HA is the most abundant. HA is a trimeric protein that can bind sialic acid-terminated glycans with millimolar affinities ([Fig. 3a](#fig3){ref-type="fig"}).[@cit5],[@cit44] The HA conveys host cell specificity to the virus by binding with greater affinity to a sialic acid that has either a 2,3-linkage to a neighboring galactose (2,3-SLN), which is more abundant in avian intestines, or a 2,6-linkage (2,6-SLN), which is more abundant in the human upper respiratory tract.[@cit1],[@cit34] This specificity is amplified by the multivalent presentation of HA on the virus so that small differences in the affinity of HA lead to major differences in affinity of the virus.[@cit44]

![(a) Hemagglutinin (HA) is a trimeric protein that binds to sialic acid-terminated glycans in a reversible manner. (b) Neuraminidase (NA) is a tetrameric protein that binds and cleaves sialic acid-terminated glycans. (c) HA and NA are present on the surface of influenza in high copy numbers, approximately in a 6 : 1 ratio.](c9sc05149j-f3){#fig3}

The secondary glycoprotein, NA, is a tetrameric enzyme that binds sialic acid-terminated glycans and then cleaves the bond between the sialic acid and galactose units ([Fig. 3b](#fig3){ref-type="fig"}). NA typically has a Michaelis--Menten constant *K*~m~ in the low millimolar range and a turnover number *k*~cat~ of several 10s per second.[@cit5],[@cit45] In some virus strains *k*~cat~ is reduced to tenths per second.[@cit46] This magnitude of *K*~m~ means that the initial contribution of NA to the binding of a virus is comparable to that of HA. The enzyme--substrate complex is, however, short lived as its lifetime is not greater than *k*~cat~^--1^. Cleaving off the terminal sialic acid by NA reduces the affinity of HA to the glycan by more than 10-fold.[@cit47],[@cit48]

The HA and NA are presented on the surface of influenza in high copy numbers in an approximately 6 : 1 ratio ([Fig. 3c](#fig3){ref-type="fig"}).[@cit49] The virus is approximately 100 nm in diameter and can be almost spherical or filamentous, with lengths up to a micrometer. HA and NA are densely packed on the surface, but not entirely random. Patches or even complete separation of HA and NA into domains have been reported.[@cit18],[@cit49],[@cit50] This distribution likely originates from an interplay between entropic factors and differences in the preferred membrane curvature between HA and NA.[@cit50]--[@cit53] It is likely that the organization of HA and NA has an influence on the way their functions cooperate.

Motility of influenza was first reported by Sakai *et al.*[@cit15] They tracked the motion of influenza viruses over fetuin-modified glass with total internal reflection fluorescence microscopy (TIRF). When adding an NA inhibitor, the movement of the viruses was completely blocked. They concluded that the virus moves over a cell surface not by lateral diffusion of the virus along receptor sites, but by NA-initiated exchange of receptors from one binding pocket to the next. They distinguished two modes of movement: a slower and more frequent "crawling", and a faster and rarer "gliding" ([Fig. 4a](#fig4){ref-type="fig"}). Lower NA activity in mutant viruses led to slower motility and lower occurrence of gliding steps. The gliding steps were also shorter. Therefore, they concluded that NA is not only necessary to initiate movement, but also to sustain gliding steps. The NA-dependent motion of influenza was not only demonstrated on artificial surfaces, but also on live cells. Adding an NA inhibitor or using a mutant with less active NA both led to decreased endocytosis of the viruses.

![Mechanism for virus motion proposed by Sakai *et al.*[@cit15] (a) Influenza binds tightly to a surface with multiple HA-receptor interactions. (b) NA cleaves receptors, which decreases the number of interactions and initiates motility. (c) A loosely attached virus performs crawling and gliding motions by iterative association and dissociation of HA-receptor interactions, until it reaches a site where it can form multiple interactions and again bind tightly to the surface. Reprinted from [@cit15], with permission from Springer Nature, licensed under CC BY 4.0.](c9sc05149j-f4){#fig4}

In a kinetic analysis of the binding of influenza HA and NA with biolayer interferometry (BLI), De Haan *et al.* found that the cleaving of receptors by adsorbed viruses was far more complete than suggested by [Fig. 4c](#fig4){ref-type="fig"}.[@cit16] They allowed various concentrations of influenza to bind to a receptor-functionalized sensor in the presence of NA inhibitor, followed by transfer of the sensor with adhering viruses to a buffer solution. If the buffer also contained NA inhibitor, the viruses remained adhering, but without inhibitor, they dissociated completely. When a lower amount of virus was adsorbed, the viruses dissociated more slowly. Then they regenerated the sensors at pH 2, removing all viruses, but leaving the receptors on the sensors. The regenerated sensors were subsequently allowed to re-bind viruses at the maximum concentration. While the sensors that were placed in buffer with NA inhibitor were unaffected, the sensors where the virus was dissociated could bind significantly fewer new viruses.

To test whether the deactivation of the sensors was due to receptor cleavage by NA, De Haan *et al.* blocked two sensors partly with a virus with inactive NA ([Fig. 5](#fig5){ref-type="fig"}). Then they incubated the partly blocked sensors and a third sensor with a different virus that had active NA, with NA inhibitor present at one of the two blocked sensors. Then they regenerated the sensors and allowed the virus with inactive NA to bind on all three sensors. Binding was uninhibited at the sensor that was protected with NA inhibitor, partly inhibited at the sensor that was partly blocked, and fully inhibited at the exposed sensor. With these two experiments they showed that NA-dependent "rolling" of a low amount of virus could cleave receptors from a large surface area.

![Motility of influenza is driven by NA activity. De Haan *et al.* partially blocked receptors on BLI sensors with viruses that had inactive NA and then exposed the sensors to a virus with active NA.[@cit16] One sensor (in blue) was protected with the NA inhibitor oseltamivir carboxylate (OC), one sensor (in red) was only locally blocked by the NA-inactive virus, and one sensor (in green) was left fully unprotected. After regeneration of the sensors, exposure to new virus showed that receptors were cleaved from all unprotected areas. Adapted from [@cit16] with permission from Public Library of Sciences, licensed under CC BY 4.0.](c9sc05149j-f5){#fig5}

Vahey and Fletcher showed that the asymmetric distribution of HA and NA on filamentous viruses imparted a directional bias in over several micrometers.[@cit18] Filamentous viruses are more common in clinical isolates, whereas laboratory-grown strains often produce more spherical viruses.[@cit52],[@cit54] Vahey and Fletcher hypothesized that the filamentous shape together with non-uniform distribution of HA and NA promote efficient penetration of viruses through mucus. They labelled the HA, NA and nucleoprotein (NP) of a filamentous virus and showed that HA was more or less homogenously distributed, NP was clustered at one pole and NA was more abundant at the same pole ([Fig. 6](#fig6){ref-type="fig"}). Tracking the viruses with TIRF and imaging with super-resolution microscopy, they showed that the virus moved directionally away from the NA-rich pole. By labeling cleaved receptors with the fluorescent lectin ECL, they showed that receptors were cleaved in the path of the virus. They posed that the cleaving of receptors functions as a Brownian ratchet by restricting backward motion. To predict the effect of the diffusion coefficient of receptors on the mean square displacement of viruses, they made a computational model. They found that the velocity of viruses is the highest when the diffusion coefficient of receptors is small, but not zero. The values for the diffusion coefficient where motility is fastest are consistent with the diffusion coefficients of sialic acid in mucus. They cultured mucus-secreting cells to test whether the virus could also move through a three-dimensional environment and observed tracks similar to those observed on two-dimensional surfaces.

![By labelling HA, NA and cleaved receptors, Vahey and Fletcher showed that the asymmetric organization of HA and NA imparts directional motility in filamentous viruses.[@cit18] Reprinted from [@cit18] with permission from eLife Sciences Publications, licensed under CC BY 4.0.](c9sc05149j-f6){#fig6}

Block *et al.* also tracked influenza viruses, but with the aim of using its mobility to quantify the number of receptor--ligand interactions.[@cit17] They tracked labelled influenza viruses with TIRF on a supported lipid bilayer (SLB) containing glycolipid receptors ([Fig. 7](#fig7){ref-type="fig"}). Because multivalent binding decreases the dissociation rate constant *k*~off~ and the diffusion coefficient *D*, the average valency scales with 1/*D*. In a plot of *k*~off~*versus* 1/*D*, the effect of multivalent binding appears as an exponential decline, but is actually composed of subpopulations that share the same *D* values ([Fig. 7](#fig7){ref-type="fig"}). Interestingly, there is a peak structure visible with elevated *k*~off~ values for 1/*D* ∼ 5 s μm^--2^. This peak decreases with added NA inhibitor and is therefore ascribed to receptor cleaving by NA. Block *et al.* claim that the lateral diffusion of the glycolipids to which influenza binds remains significantly faster than the NA-dependent motility that was reported by Sakai *et al.*[@cit15],[@cit17]

![Block *et al.* tracked influenza viruses on supported lipid bilayers to quantify the number of interactions with glycolipids.[@cit17] They observed elevated *k*~off~ values for 1/*D* ∼ 5 s μm^--2^, which decreased with added NA inhibitor. Reprinted with permission from [@cit17]. Copyright 2019 American Chemical Society.](c9sc05149j-f7){#fig7}

It is interesting to note the differences in setup and observed mobility between these four publications. Both Block *et al.* and Sakai *et al.* used an egg-adapted influenza strain with HA and NA from the IAV strain Aichi/2/68 (H3N2).[@cit15],[@cit17] Vahey and Fletcher used HA and NA from A/WSN/33 (H1N1).[@cit18] De Haan *et al.* used the HA and NA from the same strain for its lower NA activity and used A/Puerto Rico/8/34 Mount Sinai (H1N1) to demonstrate the removal of receptors.[@cit16] In an assay of NA activity, Aichi/2 was approximately fivefold less active than WSN, which was fivefold less active than PR/8 Mt. Sinai.[@cit5],[@cit16] It is therefore remarkable that Block *et al.* report a motion that is up to two orders of magnitude faster than Sakai *et al.*, whereas Vahey and Fletcher reported a motion that is an order of magnitude slower than Sakai *et al.*[@cit15],[@cit17],[@cit18] Unlike De Haan *et al.*, who reported that NA contributes to the association of viruses,[@cit16] Block *et al.* report an increase of association rate with added NA inhibitor.[@cit17]

We think it likely that the differences described above are primarily due to the different structures of the surfaces that were used in these studies. Block *et al.* used 1 mol% of glycolipid GDa1 in an SLB;[@cit17] Sakai *et al.* used 10% fetuin with albumin adsorbed on glass;[@cit15] De Haan *et al.* used BLI sensors with streptavidin and biotinylated fetuin;[@cit16] and Vahey and Fletcher used a PEG2000 brush on glass with streptavidin and biotinylated fetuin.[@cit18] Sakai *et al.* reported an optimum in the receptor density, while Vahey and Fletcher reported an optimum in the diffusion coefficient of sialic acid.[@cit15],[@cit18] We expect that there exists also an optimum in the conformational flexibility of the receptors. These differences show that the motility of a virus depends on a combination of many properties of both the virus and the surface.

The role of motility in host cell recognition
=============================================

Sakai *et al.* found that the NA-dependent motility of influenza contributes to its endocytosis, but did not study the mechanism of this contribution.[@cit15] They propose that the motility of the virus allows lateral motion even if receptors are restricted from diffusion by membrane rafts or other rigid structures. They also argue that it must play an important role in intercellular migration.

The studies of molecular spiders offer two additional possible advantages of molecular walking over random lateral diffusion. Firstly, the weakly self-avoiding walk provides a more efficient pattern to search the surface of a cell for a suitable location to bind to induce endocytosis ([Fig. 8a](#fig8){ref-type="fig"}). Secondly, the molecular walk provides a bias towards high receptor densities ([Fig. 8b](#fig8){ref-type="fig"}). Because endocytosis of influenza is mediated by clathrin-coated as well as noncoated pits, it is likely that influenza searches for these pits or for locations where they will form.[@cit34],[@cit55] The bias towards higher receptor densities follows from the mechanism of walking and may provide a means of recognition to the virus if such locations prove to have a higher density of receptors. Higher densities are also favored by the ability of influenza to bind multiple receptors through HA,[@cit56] but without motility the chance of binding to an area of high receptor density remains relatively low for an individual virus.

![(a) Self-avoiding walking gives rise to an efficient search pattern to find clathrin-coated pits. (b) The motility of molecular spiders is biased towards a higher density of receptors.](c9sc05149j-f8){#fig8}

De Haan *et al.* and Vahey and Fletcher claim that the primary advantage of motility for the virus is to penetrate the mucus layer.[@cit16],[@cit18] This mucus layer consists of a dense gel of mucins that is propelled by a layer of cilia that extend from the epithelial cells in the respiratory tract ([Fig. 9a](#fig9){ref-type="fig"}).[@cit57],[@cit58] The mucins are glycoproteins with a sugar content of 50--80 wt% and rich in sialic acid.[@cit59] The mucus can therefore easily entrap sialic acid-binding viruses such as influenza and clear them from the respiratory tract.[@cit60]

![(a) The structure of the mucus in human airways as proposed by Rubinstein *et al.*[@cit57] (b) The function of molecular walking of influenza in crossing the mucus. (I) When there is no interaction, particles are repelled by the charged brush. (II) Particles that have an affinity for sialic acid are entrapped. (III) Influenza, which binds and cleaves sialic acid, can walk through the mucus.](c9sc05149j-f9){#fig9}

It has been shown that influenza uses NA to cleave sialic acid when the virus passes through the mucus and thus prevents entrapment.[@cit61],[@cit62] The sialic acid in the human mucus is mostly 2,3-linked, and human-adapted viruses usually have an HA specificity for 2,6-SLN, but an NA specificity for both 2,3- and 2,6-SLN.[@cit1],[@cit2],[@cit63],[@cit64] The effect of this cleaving on influenza was evidenced by an *in vitro* experiment where infection by a virus with weak NA activity was inhibited by human mucus, but for a virus with stronger NA activity it was not.[@cit65] It is believed that this prevention of entrapment of entering viruses in the mucus is essential for aerosol transmission between humans.[@cit4],[@cit66]

Preventing entrapment and clearance of the viruses may, however, not be the only reason why this receptor cleavage is important for the virus in crossing the mucus. While the mucus layer allows diffusion of inert particles of the size of influenza virus, the periciliary layer underneath contains a mesh that is dense enough to exclude even 40 nm particles.[@cit57],[@cit60] This mesh is formed by mucins that are tethered in a bottle brush-like structure to the cilia.[@cit67] It is therefore likely that influenza, instead of relying on diffusion that is inhibited by interactions with sialic acid, must use an active motion to cross over the mucins and cilia towards the surface of the respiratory epithelial cells ([Fig. 9b](#fig9){ref-type="fig"}).

Lessons from molecular walkers for influenza
============================================

We have described how directional motion emerges both in molecular spiders and influenza from their receptor cleaving properties. In this section we first address the lessons from molecular spiders that may apply to influenza and how they can help understand the changes that influenza viruses undergo in their adaptation. Thereafter, we discuss the properties of the receptor--ligand interactions of influenza that are not addressed by molecular spiders and how they may be addressed by other molecular walkers.

Probably the most interesting lesson from molecular spiders is that a higher cleaving activity leads to faster motion, but if the cleaving activity exceeds the binding activity the spider dissociates.[@cit32],[@cit42] This suggests that if there is a selective pressure on an influenza population to develop increasing motility, both the NA activity and the affinity of HA will increase. Conversely, if the affinity of HA decreases, there will be a selective pressure to decrease its NA activity as well. This co-optimization may offer an explanation why influenza acquired both stronger binding to, and faster cleaving of, 2,6-SLN during circulation in the human population.[@cit7]

Another trend that was reported for molecular spiders is that the superdiffusivity of a spider with short legs increases with the number of legs.[@cit40] The HA and NA of influenza are too short and rigid to reach behind another trimer or tetramer, so it is likely that the superdiffusivity of influenza can benefit from the high number and density of glycoproteins on its surface. Because filamentous viruses have more interactions with the cell surface because of their larger contact area, their superdiffusivity may be increased over spherical viruses.

Different from molecular spiders is the gait of influenza. Molecular spiders move faster by rolling than by inchworm motion,[@cit38] but Vahey and Fletcher demonstrated that the motion of influenza is more inchworm-like.[@cit18] It remains, however, interesting to see if spherical influenza viruses would move like the filamentous viruses of Vahey and Fletcher or would shift to rolling.

The main reason why Vahey and Fletcher found an inchworm gait is that HA and NA are organized in trimers and tetramers that are asymmetrically distributed on the surface of the virus,[@cit18] unlike molecular spiders which have identical legs that perform both the binding and cleaving actions. It would be interesting to see how a molecular walker would behave where only a fraction of the legs is catalytically active and how an asymmetric distribution of these legs would affect its behavior.

In contrast with Vahey\'s and Fletcher\'s observations for influenza, molecular spiders do not need a separation of their binding and cleaving action for directional motion. This separation of actions may benefit influenza by allowing adjustment of its functional balance of binding and cleaving through independent variation of the cleaving activity and the binding activity of NA, the affinity of HA, and the ratio of HA to NA copy numbers. Indeed, some H3N2 strains have adapted in the human population by developing binding through their NA with almost undetectable HA binding.[@cit46],[@cit68]

Large rolling motors developed by Salaita *et al.* share their walking mechanism with molecular spiders, although they are powered by enzymes in solution.[@cit69],[@cit70] These rolling motors demonstrate that receptor-cleaving molecular walkers of micrometer size can be propelled with high speed over long distances due to their polyvalency. Interestingly, if these particles form dimers, they roll over their shared longitudinal axis,[@cit69] in contrast with influenza\'s inchworm motion.[@cit18] This may indicate that the organization of HA and NA on influenza dictates its gait.

Perhaps the most important aspect of influenza motility that has neither been addressed with molecular spiders nor in the experimental studies of influenza motility, is the relation between receptor specificity and directionality of the virus. We briefly mentioned that the human mucus is rich in 2,3-SLN, whereas the epithelial cells that are most commonly infected by influenza are richer in 2,6-SLN. We hypothesize that the balance between cleaving and binding in human influenza for 2,3-SLN is different from 2,6-SLN. Moderate binding to 2,3-SLN combined with fast cleaving would result in strongly superdiffusive motion with a high chance of dissociation. This dissociation is, however, strongly inhibited by the 3D structure of the mucus. At the cell surface, where dissociation is more disadvantageous, a stronger binding to 2,6-SLN combined with moderate cleaving still results in superdiffusive motion to find a suitable spot for endocytosis, but with lower chance of dissociation. At the interface between the mucus and the cell, the binding to 2,6-SLN on the cell would then be strongly favored over 2,3-SLN on the mucus.

Conclusion
==========

We have argued that the multivalent display of NA and HA on the surface of influenza makes the virus a receptor-cleaving molecular walker. In its molecular walking, the virus resembles the synthetic molecular spiders, but the virus may achieve additional directionality by the asymmetric organization of HA and NA on its surface. It is likely that the surface-bound motility of influenza plays a key role in the transmission and propagation of the virus.

We expect that studies of artificial receptor-cleaving molecular walkers on heterogeneous surfaces can further our understanding of influenza as viruses that actively find access to their host cells, can help to explain and predict the evolutionary changes of influenza viruses, and can help identify possible new targets for antivirals in the transmission cycle of influenza.
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